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ABSTRACT 
The direct observation and characterisation of silver nanoparticles or clusters embedded in a 
Ag+-activated phosphate glass (PG:Ag) was demonstrated. Correlations between the isolated 
Ag+ concentration and X-ray–induced silver species were systematically examined using 
optical measurements. Evidence of spherical silver nanoparticles or clusters in 
X-ray–irradiated PG:Ag with sizes ranging from 5 to 30 nm was obtained from the lattice 
spacings and from energy dispersive X-ray spectroscopy (EDXS) combined with transmission 
electron microscopy (TEM). Three-dimensional (3D) contour plots using combined 
excitation-emission spectroscopy (CEES) were also recorded for X-ray–irradiated PG:Ag to 
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1. Introduction 
 
Silver-activated phosphate glass (designated PG:Ag) based on the 
radiophotoluminescence (RPL) phenomenon has been widely used for personal, 
environmental and clinical dosimetry, as has carbon-doped aluminium oxide (Al2O3:C), 
which exhibits optically stimulated luminescence (OSL) and numerous thermoluminescence 
(TL) materials [1-6]. When PG:Ag is exposed to X-rays, various radiation-induced defects are 
produced. The existence of these defects has been confirmed by the electron spin resonance 
(ESR) [7, 8] and electron paramagnetic resonance (EPR) [9] methods. However, the spectral 
contribution of these small clusters to the overall optical spectrum of PG:Ag remains 
unknown. 
Recently, we ascribed each X-ray–induced band of PG:Ag to silver-, phosphorus- and 
oxygen-related species on the basis of strong analogies with X-ray–irradiated, silver-doped 
sodium chloride (NaCl:Ag) [10]. Based on a peak-fitting analysis, an RPL decay curve 
analysis and a heat treatment, the seven decomposed Gaussian bands in X-ray–irradiated 
PG:Ag with peaks at 192, 225, 252, 270, 307, 354 and 424 nm were attributed to 
electron-trapped PO3, PO4 and Ag+, Ag32+ or Ag3+, Ag2+, Ag2+, Ag0 and 
phosphorus-oxygen-hole centres (POHCs), respectively [11-13].  
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Radiation-induced Ag0 centres in glass have been extensively investigated for applications 
in functional optical devices because of their large, third-order nonlinear susceptibility and 
ultrafast nonlinear response [14, 15]. Radiation-induced Ag0 centres have also been studied to 
better understand silver nanoparticles in RPL glass dosimeters for X-ray and γ-radiation 
applications [10-13, 16-17]. In general, silver nanoparticles in PG:Ag are typically prepared 
through the introduction of Ag+ ions into the host, followed by irradiation with low-intensity 
femtosecond (fs) laser pulses and subsequent heat treatment at a high temperature for several 
hours [18, 19]. These processes reduce the Ag+ ions to Ag0 atoms, which results in the 
formation of plasmonic nanoparticles within the matrix.  
Recently, Jiménez et al. [20] reported the optical properties of a silver-doped phosphate 
glass system of the P2O5, Al2O3, CaO and BaO type with relatively high concentrations of 
silver and tin (i.e., 8 mol% of each Ag2O and SnO) during heat treatment in the 400-500℃ 
temperature range. They observed the surface plasmon resonance (SPR) of Ag nanoparticles 
using chemical reduction processes during heat treatment without radiation irradiation.   
However, in the case of X-ray irradiation, no discernible absorption band for the silver 
nanoparticles due to the SPR near 407 nm [11] was observed in this work after heavy X-ray 
irradiation and further annealing at 573 K for 30 min. On the contrary, for the case of high 
peak power and high repetition rate fs laser pulse irradiation, we demonstrated the formation 
kinetics of the surface plasmonic Ag nanoparticles embedded in PG:Ag using a high 
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repetition rate of over 250 kHz for the fs laser pulse irradiation [11]. Moreover, it was found 
that fs laser irradiation with a peak power density over 1015 W/cm2 enabled direct 
precipitation in PG:Ag without heat treatment, as observed previously [21] in Ag+-doped 
silicate glass.  
Despite these advances, the following question remains. What kinds of nanoparticles can 
be formed within RPL glass system of the P2O5, Al2O3 and Na2O type with relatively low 
concentration of Ag2O (only 0.17 wt %) used in this work by X-ray irradiation? The aim of 
this study was to reveal the presence and identify the structures of the nanoparticles embedded 
in PG:Ag after X-ray irradiation. Direct observation was carried out by transmission electron 
microscopy (TEM). Correlations between the isolated Ag+ concentration and X-ray–induced 
silver species were also examined using optical measurements as a function of X-ray dose in 
the range from 4.90 to 147 Gy. 
 
2. Experimental details  
 
A commercially available GD-450 dosimeter (AGC Techno Glass) was used as the 
radiophotoluminescent PG:Ag. In general, the glass GD-450 dosimeter is set in a plastic 
holder with embedded plastic and metal filters used for radiation discrimination [3]. However, 
in this study, all of the measurements including X-ray irradiation were carried out in air 
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without the plastic holders. Samples were cut from the original dosimeter plate to a size of 
approximately 10 × 7 × 1 mm3. For the measurement of the optical absorption spectra, 
samples were used about 0.30 mm in thickness. The weight composition of the GD-450 
dosimeter was 31.55% P, 51.16% O, 6.12% Al, 11.00% Na and 0.17% Ag. All samples were 
coloured by irradiation from an X-ray unit (8.05 keV) with a copper target that was operated 
at 30 kV and 20 mA. The samples were irradiated such that the absorbed doses ranged from 
4.90 to 147 Gy. Optical absorption, excitation, photoluminescence (PL), RPL spectra and 
three-dimensional (3D) contour plots, i.e., combined excitation-emission spectroscopy 
(CEES) [22, 23], of the X-ray-irradiated PG:Ag samples were determined at room 
temperature using Hitachi U-3900H UV-Vis and F-4500 fluorescence spectrophotometers.  
Direct observation of the nanoparticles or clusters formed after X-ray irradiation by TEM 
was carried out with a JEOL JEM-2010FEF operating at 200 kV. The TEM 100 mesh grids 
used in this study were made of copper with a carbon support film that was approximately 15 
nm in thickness. The X-ray–irradiated PG:Ag was thinned down with 5 % hydrofluoric acid 
(HF) and the sample was then ground into a powder. The powder was dispersed in distilled 
water under ultrasonication for 15 min and then a 50 μl nanoparticle suspension was dropped 
onto parafilm. The grid was floated on a droplet of the suspension for 5 min and then lifted 
upwards and placed on blotting paper to remove any residual water. The sample was then held 
in a vacuum for 30 min to completely evaporate the solvent. Moreover, the elemental 
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composition of these nanoparticles was analysed by energy dispersive X-ray spectroscopy 
(EDXS) during TEM and the electron diffraction patterns were utilised to confirm the 
existence of metallic silver crystalline phases. A PG:Ag sample X-ray irradiated with a dose 
of 147 Gy was used in this work and was observed by TEM. 
 
3. Results and discussion  
 
We previously reported the identification of X-ray–induced silver-, phosphorus- and 
oxygen-related species produced by X-ray irradiation of a PG:Ag sample [11]. Concerning 
the radiation-induced Ag-related species, an optical absorption spectrum of the 
X-ray–irradiated PG:Ag was decomposed into five individual Gaussian bands, marked “A” to 
“E”, with peaks at 225, 252, 270, 307 and 354 nm, respectively. These bands were, in turn, 
attributed to Ag+, Ag3+ or Ag32+, Ag2+, Ag2+ and Ag0 centres, respectively, through various 
optical and thermal measurements [11-13]. Moreover, the excitation spectrum consisted of 
two different bands. One band had a peak at 308 nm for an emission at 560 nm (orange RPL) 
and the other peaks at 270 and 345 nm corresponded to a main emission at 470 nm (blue 
RPL). The former corresponded to the decomposed 307 nm Gaussian band, while the latter 
corresponded to the decomposed 270 and 354 nm bands, respectively.  
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The optical absorption spectrum was obviously due to the superposition of a number of 
individual optical absorption bands corresponding to different colour centres. To allow better 
identification of the complicated spectroscopic features in PG:Ag, three-dimensional (3D) 
contour plots of the PG:Ag as shown in Fig. 1 that was X-ray irradiated with a dose of 12.3 
Gy were recorded using the CEES technique [22, 23]. A large number of excitation (or 
emission) spectra were recorded over a range of emission (or excitation) wavelengths, shifting 
the emission (or excitation) wavelengths by 3 nm after every acquisition in a spectral interval 
extending from 400 nm to 700 nm (or from 200 nm to 400 nm), respectively. The resulting 
3D data set of emission intensities as functions of the excitation and emission wavelengths is 
best visualised in a contour plot, where lines of equal emission intensities are drawn as shown 
in Fig. 1. In the contour plot, both the blue RPL around 470 nm and the orange RPL around 
560 nm are clearly distinguished and will be discussed later. In addition, the shorter 
wavelength regions at around 270 nm in the excitation spectrum that were detected in the 
region of the blue and orange RPLs were not stable with respect to the peak intensity. This 
may reflect the characteristics of the induced Ag2+ (Ag+ + Ag0→Ag2+) centres, i.e., upon 
changing the Ag0 centre concentration, the Ag2+ band with coupling to the Ag0 centres also 
changed.  
Fig. 2(a) shows the optical absorption (Curve 1), excitation (Curve 2) and PL spectra 
(Curve 3) of 0.3-mm-thick PG:Ag before X-ray irradiation. The 230 nm (5.39 eV) excitation 
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predominantly produced PL at 308 nm (4.03 eV). Fig. 2(b) shows the optical absorption 
(Curve 4), excitation (Curves 5 and 6) and RPL spectra (Curves 7, 8 and 9) of the X-ray 
irradiated PG:Ag with a dose of 12.3 Gy. For the PG:Ag sample, the excitation is in the range 
of 250-400 nm and the RPL is in the form of a broad band extending from 400-700 nm. It was 
found from Figs. 2(a) and (b) that the large number of isolated Ag+ ions in the glass before 
irradiation drastically decreased after irradiation, which suggested that almost all Ag+ ions 
transformed other colour centres to form various silver-related species upon X-ray irradiation 
and the subsequent reactions. The RPL consist of two different bands. One spectrum peaks at 
310 nm (4.00 eV) for an emission at 560 nm (2.21 eV, orange RPL), and the other peaks at 
270 nm (4.59 eV) and 345 nm (3.59 eV) for an emission at 470 nm (2.64 eV, blue RPL). The 
optical absorption spectra peaking at 310 nm, which was attributed to Ag2+ centres [10-13]. In 
the case of the GD-450 dosimeter used in this work, the peak intensity at 310 nm linearly 
increased up to 5 Gy for X-ray irradiation [24]. Similar investigations on phosphate- and 
silicate-based glasses containing silver have been performed by TEM analysis and various 
optical measurements to understand the origin of the induced bands and the mechanisms of 
nucleation and growth processes [18, 25-28].  
    Fig. 3 shows the PL and RPL spectra of X-ray irradiated PG:Ag with a dose of 12.3 Gy 
during heat treatment at 250℃ for displayed holding times in minutes. The 308 nm (4.03 eV) 
PL and 560 nm (2.21 eV) RPL emission bands were obtained under excitations at 230 nm 
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(5.39 eV) and 310 nm (4.00 eV), respectively. The band peaking at 560 nm ascribed to Ag2+ 
centres decreased abruptly in intensity with increase in holding time from 10 to 40 minutes, 
while the band peaking at 308 nm due to the single Ag+ centres increased steadily with 
holding time. The data indicates that annealing the sample leads to the disappearance of the 
270 nm and 345 nm excitation bands emitting blue RPL at 470 nm as shown in Fig. 2(b) by 
the following reactions, i.e., Ag0 →Ag+ +e- (electron) and Ag2+→Ag0 + Ag+, respectively. On 
the other hand, the 310 nm excitation band emitting orange RPL at 560 nm leads to the 
disappearance by the following reaction, i.e., Ag2+→Ag+ + h+ (hole). According to our report 
[12], it was established through RPL decay curve analysis that the lifetime values for the blue 
RPL at 470 nm excited at 270 nm and 345 nm in the X-ray irradiated PG:Ag with a dose of 
12.3 Gy were obtained 6.38 ns and 5.71 ns, respectively. Moreover, the lifetime values of 345 
nm excitation were almost independent of the absorbed doses, while those of 270 nm 
excitation were strongly dependent on the doses. These optical results support the evidence on 
the different origin and structures for the 270 and 345 nm bands. 
  Fig. 4 shows the optical absorption spectra after irradiation of X-ray (Curve 1) and fs 
laser pulses (Curve 2). The optical absorption spectrum is obviously due to the superposition 
of a number of individual optical absorption bands corresponding to the different colour 
centres. Therefore, the spectrum could be decomposed into the sum of separate Gaussian 
bands (indicated by a dashed line) from “A” to “F”, respectively. For Curve 2, the peak 
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power density of the laser beam irradiated on the sample was estimated to be 1.1 × 1015 
W/cm2. Note that irradiation with X-ray and high peak power density fs laser pulses yields 
different absorption peak wavelengths of the Ag0 centres: the former is 345 nm ("E" band) 
and the latter is 407 nm (3.05 eV) which could be ascribed to the aforementioned SPR of the 
formed silver nanoparticles [11, 20]. One of the reasons for this difference is that when fs 
laser pulses are focused inside the sample at a high repetition rate over 250 kHz, the 
temperature at the focal point increases to as high as several thousand Kelvin [28], a much 
higher temperature than that reached in normal heat treatment. As a result, highly successive 
fs laser pulses and a slow scanning rate caused cumulative heating around the focal point. 
Increasing the temperature greatly increased the average size of nanoparticles formed by fs 
laser irradiation, resulting in a red-shift of the peak wavelength. It was found from the above 
results that the 345 nm band corresponding to the decomposed “E” band was identifiable as 
the tapped electron Ag0 centres due to almost overlap between the “E” and SPR band. In 
addition, the 270 nm band corresponding to the decomposed “C” band also increases in 
intensity after high intensity fs laser pulses as shown in Fig. 4, therefore the “C” band was 
identifiable as the Ag2+ centres (reaction: Ag+ + Ag0→Ag2+). As increasing the Ag0 centres, 
then the Ag2+ band with coupling to Ag0 centres also increases.  
   On the other hand, the 310 nm band corresponding to the decomposed “D” band was 
attributed to the trapped hole Ag2+ centres (reaction: Ag+ + h+→Ag2+). In the case of PG:Ag, 
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the holes are captured by PO4 tetrahedron at the beginning of the migration and then the holes 
come to produce the Ag2+ centres due to interaction with Ag+ ion by the time passing [29].  
As a result, the Ag0 centres can form and grow quickly under elevated temperatures at the 
beginning stage after fs laser irradiation, while the Ag2+ centres need long elapsed time to 
form. A prominent decrease in intensity around “D” band may be considered to reflect the 
above explanation. As described above, no discernible absorption band for the silver 
nanoparticles due to SPR was observed in this work after heavy X-ray irradiation up to a 147 
Gy and further annealing at 573 K for 30 min. 
    Preliminary observation by TEM was carried out on a PG:Ag sample as shown in Fig. 
5(a) that received a dose of 147 Gy to confirm the size, shape and aggregation of the 
nanoparticles generated by X-ray irradiation. Fig. 5(b) is the corresponding high-resolution 
image taken from Fig. 5(a). The diameters of the particles were in the range of 5–10 nm, and 
larger particles with diameters of up to approximately 30 nm were also observed. Figs. 5(c) 
and (d) show the X-ray spectra for “silver poor“ and ”silver rich“ regions, respectively, which 
were collected at a tube voltage of 8 keV to evaluate the Ag Lα-line using EDXS. As shown 
in the figures, aside from the Ag Lα (2.984 keV)-line, the X-ray spectra also contained peaks 
originating from P, O, Al and Na, which arise from the surrounding glass. The Cu and C 
peaks were due to the Cu-containing grid and the C support film.  
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A lattice fringe spacing of approximately 0.22–0.30 nm was observed in the precipitated 
particles as shown in Fig.6 (a), which is in good agreement with those of 0.24 nm (Ag (1 1 1)) 
and 0.28–0.3 nm (silver oxide) in soda-lime silicate glasses [25] and silica thin films [26] with 
Ag particles. A qualitative composition analysis using EDXS during TEM confirmed that 
these spherical particles were silver nanoparticles. Moreover, in order to determine the 
crystalline structure of Ag-related species in the X-ray irradiated PG:Ag, the X-ray diffraction 
(XRD) patterns were measured at room temperature in air as shown in Fig. 6(b). The results 
exhibited broad humps at 2θ=15-40° and 60-70°, which indicated the sample was amorphous 
and high concentration of H3PO4. Due to relatively low concentration of Ag (0.17 wt%) in 
this work, a series of diffraction peaks corresponded to the Ag2O (111), 2θ=32.791°; Ag (111), 
2θ=38.117° and Ag2O (220), 2θ=54.904° plane diffractions did not appear in the XRD 
measurements. Therefore, we could not determine the existence ratio between Ag- and 




    The data obtained in this study yielded the following conclusions: 
(1) Though no discernible characteristic silver band around 407 nm (3.05 eV) due to the SPR 
could be observed in the optical absorption spectra after X-ray irradiation, even after a dose of 
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147 Gy and subsequent heat treatment up to 350℃, the aforementioned fs laser pulse results 
indicated that the 345 nm (3.59 eV) band corresponding to the decomposed “E” band ascribed 
to the Ag0 centres in X-ray irradiated PG:Ag almost overlapped the SPR band of the formed 
silver nanoparticles. As a result, the presence of silver atoms and silver oxide particles 
embedded in the PG:Ag was confirmed through information provided by the lattice fringe 
spacings and EDXS analysis during TEM. 
(2) Preliminary direct observation by TEM showed spherical particles with diameters ranging 
from 5 to 10 nm, along with larger particles with diameters of up to approximately 30 nm in 
the phosphate glass sample. However, we could not determine from the present measurements 
the existence ratio between Ag- and Ag2O-species formed by X-ray irradiation.  
(3) The spectroscopic features of various colour centres in PG:Ag formed after X-ray 
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Figure captions 
 
Fig. 1  
Contour plot of CEES measurement of X-ray–irradiated PG:Ag with a dose of 12.3 Gy at 
room temperature. 
Fig. 2  
Optical absorption (Curve 1), excitation (Curve 2) and photoluminescence (Curve 3) 
spectra before irradiation (a) and optical absorption (Curve 4), excitation (Curves 5 and 6) 
and RPL (Curves 7, 8 and 9) spectra after X-ray irradiation (b) of Ag-doped phosphate 
glass.  
Fig. 3 
Photoluminescence excited at 230 nm (a) and RPL excited at 310 nm (b) emission spectra 
of X-ray irradiated Ag-doped phosphate glass during heat treatment at 250℃  for 
displayed holding times in minutes. For a reference, PL spectrum before irradiation was 
inserted.     
Fig. 4 
Absorption spectra of Ag-doped phosphate glass after X-ray (Curve 1) irradiation with a 
dose of 12. 3Gy and after fs laser pulse (Curve 2) irradiation with a peak power 1.1 × 1015 
W/cm2. For Curve 1, the absorption spectrum was decomposed into six bands from “A” 
to “F”. 
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Fig. 5 
TEM images of Ag nanoparticles embedded in the phosphate glass (a, b), (b) shows the 
high-magnification imaging after X-ray irradiation with an absorbed dose of 147 Gy. The 
EDXS analysis was carried out the areas with (c) and without (d) nanoparticles.  
 
 Fig. 6 
   TEM image of a lattice fringe spacing (a) of nanoparticles and XRD pattern (b) of X-ray 
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